A long-lived memory qubit on a low-decoherence quantum bus 
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We demonstrate long-lived coherence in internal hyperfine states of a single 43 Ca + trapped-ion 
qubit [T2 = 1.2(2) s], and in external motional states of a single 40 Ca + trapped-ion qubit [T£ = 
0.18(4) s], in the same apparatus. The motional decoherence rate is consistent with the heating 
rate, which was measured to be 3(1) quanta/sec. Long coherence times in the external motional 
states are essential for performing high-fidelity quantum logic gates between trapped-ion qubits. 
The internal-state T2 time that we observe in 43 Ca + , which has not previously been used as a 
trapped-ion qubit, is about one thousand times longer than that of physical qubits based on 40 Ca + 
ions. Using a single spin-echo pulse to "re-phase" the internal state, we can detect no decoherence 
after 1 s, implying an effective coherence time Tf B > 45 s. This compares with timescales in this trap 
for single-qubit operations of ~ 1 /is, and for two-qubit operations of ~ 10 /is. 



Trapped atomic ions appear to offer one of the most 
promising systems for the realization of quantum infor- 
mation processors. The fundamental prerequisites of 
qubit state preparation, two-qubit entangling gates and 
state readout have all been achieved with a fidelity of 
97% or higher [J, 0, 0, 0] , and these operations have been 
made qubit-specific by means of either tightly-focused 
laser beams |5| or shuttling ions between multiple trap- 
ping regions [6[ . Detailed proposals exist for scaling up 
these systems to several tens of qubits and beyond [7|, |8| • 

One of the challenges facing any proposed quantum 
computing implementation is that of obtaining coher- 
ence times sufficiently long (compared with qubit op- 
eration times) that the error thresholds necessary for 
fault-tolerant computation can be attained Q. Coher- 
ence must be maintained both in the internal qubit states 
and during whatever process is used to perform quan- 
tum logic gates between different qubits. In ion trap 
approaches, the internal states are either ground level hy- 
perfine or Zeeman states, or long-lived metastable states; 
with recent exceptions [jj, [l(| the states used have been 
sensitive in first order to magnetic fields and limited to a 
coherence time T 2 < 1 ms by magnetic field noise. Pairs of 
ions have been used to encode a single logical qubit in a 
decoherence-free sub-space which is immune to magnetic 
field noise [tj [Tl|, to achieve qubit coherence times of 
~ 10 s; however this involves an encoding/decoding over- 
head and it is clearly advantageous to start with phys- 
ical qubits which are themselves stable. All demonstra- 
tions of entangling gates in ion traps have relied on the 
shared modes of external motion to couple the trapped- 
ion qubits and are thus also sensitive to decoherence in 
the motional states; this decoherence arises mostly from 
noise in the electric fields used to confine the ions. Mo- 
tional coherence times have been directly measured in 
a 9 Be+ trap {T' 2 « 0.2 ms) and a 40 Ca+ trap [H 
(T^ « 100 ms). 

In this Letter we demonstrate long-lived internal qubit 
coherence in a trap which also shows low decoherence of 
the motional states needed for quantum logic gates. The 



long-lived internal coherence is achieved by using ground 
hyperfine "clock" states of 43 Ca + which are nearly inde- 
pendent of magnetic field to first order. This ion has not 
previously been used as a qubit but has a number of ad- 
vantages over other candidate species. The required laser 
wavelengths are convenient and available from solid-state 
diode lasers without frequency-doubling. Recent calcula- 
tions [l3| show that the fundamental photon-scattering 
infidelity for gates based on Raman transitions can meet 
fault-tolerant requirements (~ 10~ 4 ) at attainable laser 
powers [H| . The existence of metastable D states allows 
very high fidelity (> 99.9%) qubit readout by the tech- 
nique of electron shelving [161 ] . To measure the motional 
coherence time in this trap we use a 40 Ca + ion-qubit: 
the even isotope is used for technical convenience and we 
would expect similar results for 43 Ca + . 

We denote the 43 Ca + qubit states by ||) = and 
II) = S 4 } 2 (where the superscript indicates the angular 
momentum quantum numbers F,Mp). A single 43 Ca + 
ion is loaded into the ion trap from a natural abun- 
dance (0.14%) source by isotope-selective photoioniza- 
tion, where it may be held for several days (see [13] for 
apparatus details and 43 Ca + level diagram). The ion is 
Doppler-cooled on the S 4 /2 <-> P 4 /2 and SJ /2 <-> P 4 /2 tran- 
sitions which are driven respectively by a 397 nm laser 
and a 3.220 GHz laser sideband (provided by an electro- 
optic modulator, EOM). A single-frequency 866 nm laser 
rcpumps on the D 3/2 <-*■ P 1/2 transition. We can prepare 
the S^ 2 4 state with > 99% efficiency by optical pumping 
with a circularly-polarized 397 nm beam. However, the 
required beam direction for efficient optical pumping to 
one of the Mp — qubit states is not available in this 
apparatus; instead we simply switch off the EOM, which 
prepares the |f) state with ~ 14% efficiency (and we ig- 
nore those experiments in which some other Si /2 F state 
was prepared). The S 4 ) 2 «-> S^" qubit transition is di- 
rectly driven by 3.226 GHz microwaves applied to a spare 
pair of trap electrodes. The microwaves can also be used 
to probe the magnetic-field-sensitive S 4 ) 2 4 <-> S^J 3 tran- 
sition in order to measure the magnetic field. After ap- 
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plying the microwaves, we read out the state of the qubit 
by selectively shelving the | J.) state in the metastable D 5/2 
level with a short pulse of circularly-polarized 393 run 
light tuned to the S 4 1/2 <-> P[j /2 transition (the |t) state is 
shelved with probability < 0.2%). The Doppler-cooling 
lasers are then re-applied and the presence or absence of 
fluorescence indicates whether the ion was shelved. The 
single-shot fidelity of this readout process is ~ 95%, lim- 
ited mainly by decay on the P 3/2 — > D 3/2 transition. Fi- 
nally, the ion is de-shelved by driving D 5/2 <-> P 3/2 with 
an 854 nm laser. 

To determine the coherence time of the qubit states, we 
measure the amplitude of the fringes in Ramsey experi- 
ments on the II) <-> It) qubit transition as a function of 
the delay time tl (up to 300 ms) between the two Ramsey 
7r/2 pulses, each of duration 35 /xs. The pulse sequence, 
shown in fig-HKa), actually consists of two pairs of Ram- 
sey pulses, the first pair with a short (0.145 ms) delay 
ts -C t l to act as a control. Typically 500 such sequences 
were performed at a particular microwave frequency to 
allow the mean S* /2 population to be determined. The 
frequency was then stepped so that in each experimental 
run data were obtained over a typical frequency range 
(±1/tl) close to resonance so as to produce standard 
Ramsey fringes as in fig. [U(b). The control experiment 
gives a check for drift (for example, in readout fidelity): 
ts is so short that the pulses effectively constitute a sin- 
gle 7r pulse and the readout gives the "short-time" am- 
plitude to which the fringes from the long experiment 
can be normalized. Since the control and test experi- 
ments are interleaved in time there is no significant delay 
between them. The control experiments showed no sig- 
nificant drift, even during the longest experiments (total 
run duration 54min). In some runs, the phase of the 
second 7r/2 pulse was swept relative to that of the first; 
in this case both the control and test experiments give 
Ramsey fringes. For the majority of runs the microwave 
synthesizer was locked to a rubidium-referenced quartz 
crystal, with stability (Allan deviation) below 2 x 10~ n 
for times 1 s < t < 10 6 s and thus negligible drift over the 
timescales of these experiments. 

Ramsey fringes from an experiment with tl = 200 ms 
are shown in fig. [2(b), together with the reference level 
from the control experiment. The fit gives peak-to-peak 
amplitude 0.85(10) relative to the control, and period 
6.1(1) Hz which differs significantly from the expected 
period of 1/tl = 5.0 Hz. At the working magnetic field 
of 1.78 G, the residual magnetic field sensitivity of the 
qubit transition due to the second-order Zeeman shift 
is 4.33Hz/mG. A linear field drift of — 1.3mG/hr over 
the 37min run duration would account for the incorrect 
fringe period, but would reduce the fringe amplitude by 
a negligible amount. The reduction in amplitude is how- 
ever consistent with faster field fluctuations at the level 
of ~ 0.25 mG over timescales of a few minutes. Both fluc- 
tuations and long-term drift of the magnetic field at these 
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FIG. 1: Internal state coherence measurement using 43 Ca + . 
(a) Simplified pulse sequence, showing the control experiment 
with short Ramsey delay ts followed by the long Ramsey ex- 
periment with delay tl- The qubit is measured and repre- 
pared after each Ramsey experiment, (b) Typical Ramsey 
fringes, with tl = 200 ms. The filled symbols show the mean 
Sf, 2 population measured at the end of the long Ramsey 
sequence, as a function of detuning from the centre of the 
Si/2 <_> qubit transition. The empty symbols show the 
S*/2 population after the short Ramsey sequence, with the 
mean level indicated by the horizontal dashed line. Binomial 
error bars are plotted. The curve is a sinusoidal fit to the 
data, which has peak-to-peak amplitude 0.85(10) relative to 
the control level. The total run duration was 37min. 



levels were observed in the trap in independent measure- 
ments on the field-dependent transition Si} 2 4 <-> S 3 ) 4 " 3 
and are typical for an apparatus where there is no mag- 
netic shielding or active field stabilization. 

A Ramsey spectrum such as fig. (Hb), together with 
a measurement of the magnetic field obtained from the 
4 Sj/J 3 transition frequency, can be used to deter- 
mine the 43 Ca + ground state hyperfine splitting by using 
the Breit-Rabi formula to extrapolate to zero field. In- 
cluding uncertainty in the rubidium clock reference, we 
find a value 3225608288(3) Hz, in goo d ag reement with 
that of 3225608286.4(3) Hz reported in [lif. The level of 
agreement indicates that other systematic effects which 
might perturb the qubit energy splitting and lead to de- 
coherence are likely to be < 3 Hz. 

Results from five series of Ramsey experiments (28 
runs) are shown combined in fig. O In each series the 
long Ramsey delay t l was varied between runs; each se- 
ries was taken on a different day. From each series we 
can extract a value for the coherence time Ti by fitting 
an exponential decay to the measured fringe amplitude. 
Values of X2 thus extracted do not show significant dif- 
ferences, and we combine the entire dataset by fitting 
aexp(— t l /T2) to the normalized fringe amplitude. This 
gives T2 = 1.2(2) s for the internal state coherence time. 

The reduction in fringe amplitude observed at long t£ 
may be due to magnetic field fluctuations, as described 
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FIG. 2: Amplitude of internal state Ramsey and spin-echo 
interference fringes as a function of delay between the two 
it/2 pulses, normalized using the control experiments. For 
clarity, different experimental runs with the same delay have 
been combined into a single data point: there were 28 Ramsey 
runs (of which 6 were at 0.3 s) and 9 spin-echo runs (of which 
3 were at Is). The Ramsey experiments were taken in 5 
separate series, each series on a different day. The exponential 
decay curve is a weighted fit to the (uncombined) data; it has 
time constant T2 = 1-2(2) s, intercept 0.98(2) and reduced 
xt = 0.83. The spin-echo runs were taken over two days; 
their amplitude shows no detectable decay and has a weighted 
mean of 0.99(1). 



above, which dephase the qubit, or to other processes 
such as photon scattering by imperfectly extinguished 
laser beams, which project the qubit. The presence of 
magnetic field fluctuations alone does not constitute de- 
coherence of the qubit, in the sense of an entanglement 
with the environment which would require the techniques 
of quantum error-correction to recover. Slow drift, in ei- 
ther the qubit precession frequency (caused by the mag- 
netic field drift) or the microwave oscillator, can be cor- 
rected for much more simply with the well-known spin- 
echo technique: a tt pulse inserted in the centre of the 
Ramsey gap has the effect of "re-phasing" the qubit su- 
perposition provided that fluctuations are slow compared 
with the total length of the spin-echo sequence. When 
this was done, we could observe no measurable decoher- 
ence of the qubit (fig. [2$ . The longest spin-echo sequence 
attempted was 1000 ms (fig. and from the three ex- 
perimental runs with this Ramsey delay we place a (lcr) 
lower limit on the coherence of 98% at 1 s. This indicates 
that amplitude and phase decoherence of the qubit (such 
as might be caused by residual photon scattering, or colli- 
sions with background gas atoms) are negligible over this 
timescale. If the noise model for any remaining decoher- 
ence processes is taken to be a simple exponential, as in 
the Ramsey experiments, this limit would imply an effec- 
tive coherence time T| E > 45 s. Although the fringe am- 
plitude showed no decay out to 1 s, a small increase in the 
fringe baseline was detectable, at the level of 0.03(2) s _1 
relative to the amplitude; this baseline is more sensitive 
to certain decoherence processes as all seven F states 
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FIG. 3: Internal state spin-echo experiment, with a delay of 
1000 ms between the two 7r/2 pulses. The filled symbols show 
the mean Sj/ 2 population, measured at the end of the 1000 ms 
spin-echo sequence, as a function of the phase of the second 
7r/2 pulse. The empty symbols show the mean S*, 2 population 
at the end of the interleaved control experiment (a 0.30 ms 
spin-echo sequence, where the phase was also scanned). Both 
data sets are fitted with sinusoidal functions and the fitted 
amplitude of the 1000 ms fringes is 1.03(4) relative to that of 
the control. The phase offset is arbitrary. The total duration 
of the run was 5.2 hours. 



contribute to the signal, not just S^'Z. Any mechanism 
(for example, photon scattering) which redistributes pop- 
ulation from S 3 1/2 to S* /2 will increase the baseline. Al- 
ternatively, occasional heating of the ion during the long 
spin-echo delay could cause fluorescence to be lost which 
would be registered as the ion being shelved. If, as a 
worst case, we interpret this as entirely due to a real de- 
coherence process it would indicate qubit decoherence at 
the level of ~ 0.5% at Is, or an effective coherence time 
of between 2 and 10 minutes. 

To measure the motional coherence time in the same 
ion trap, we used the ||) = S*/ 1 / 2 and ||) = ST/ 1 / 2 Zeeman 
states of the ground level of a single 40 Ca + ion (where the 
superscript now refers to the quanturnnumber Mj). The 
spin state detection is described in [T3|. Ramsey experi- 
ments were performed in the basis (|Ln = 0),|.i,n = 1)) 
where n represents the vibrational quantum number as- 
sociated with the axial motion of the ion. The axial trap 
frequency was 810 kHz. The Raman carrier transition 
||) «-> |t) and motional-sideband transitions, for example 
||,7i = 0) «-» ||,n = 1), are driven coherently by a pair 
of Raman laser beams at 397 nm, detuned by +30 GHz 
from the S 1/2 «-» P 1/2 transition. 

The ion is first cooled close to the n = motional 
ground state (typically h < 0.1) by three stages of 
laser cooling: Doppler cooling for 2 ms, continuous Ra- 
man sideband cooling for 4 ms and ten pulses of pulsed 
sideband Raman cooling taking 0.5 ms. A Raman car- 
rier 7r/2 pulse (duration 1.8 /its) prepares the superpo- 
sition -^(||, n = 0) + |f, n=0)), then a red-sideband 
7T pulse (20 /is) immediately maps this to the state 
"7f (Hi n = 0) + ||, n = 1)). After a Ramsey delay tr the 
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FIG. 4: Motional state coherence experiment using 40 Ca + . 
(a) Pulse sequence for motional Ramsey experiment (7r rsb = 
red-sideband ir pulse), (b) Typical Ramsey fringes where the 
detuning from the 810 kHz motional resonance was 5m = 
10.7(2) kHz. The empty symbols (upper abscissa) are for a 
run with Ramsey delay offset tm = 0.2 ms, the filled symbols 
(lower abscissa) are for a run with tm =49.2 ms. The mean 
St!, population has been corrected for readout error, (c) 
Ramsey fringe amplitude as a function of the Ramsey delay 
offset tm- Different runs with the same tm have been com- 
bined into a single data point for clarity. Two datasets are 
shown, for 810 kHz and 490 kHz axial trap frequencies. The 
exponential decay fits to the (uncombined) data have time 
constants T' 2 — 182(36) ms and = 56(18) ms respectively. 



est reported heating rate for room-temperature trap elec- 
trodes, but is consistent with that expected given the rel- 
atively large ion-electrode distance p = 1.2 mm and the 
empirically measured oc 1/p 4 scaling 21]. The heating 



rate is most sensitive to electric field noise in the vicinity 
of the trap frequency, whereas motional decoherence can 
also be caused by, for example, slow fluctuations in the 
electric field. The measured T' 2 in both the trap strengths 
investigated here is consistent with voltage fluctuations 
on the trap end-cap electrodes at the level of ~ 3 mV, 
which is well within the specified limits of the voltage 
supply. Slow fluctuations could be compensated for by a 
spin-echo technique analogous to that used for the inter- 
nal state measurements above, but this is unlikely to be 
useful during a quantum logic gate — the very operation 
where motional decoherence is a concern. 

In conclusion, we have demonstrated a long-lived mem- 
ory qubit, coupled to a motional quantum "bus" with ex- 
tremely low decoherence. Using a simple spin-echo pulse, 
the decoherence of the memory qubit was suppressed be- 
low measurable levels, indicating an effective coherence 
time at least as long as that measured for any single 
physical qubit. The microwave spin-echo technique is at- 
tractive as it can be applied simultaneously to all qubits 
in a quantum processor with high precision and without 
the photon-scattering that accompanies laser techniques. 
The ratio between decoherence time and quantum logic 
operation time is ~ 10 6 . 
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same tt and 7r/2 pulses are applied in the reverse order, 
fig- Eta). In these experiments, the frequency of the red- 
sideband pulse was held constant, but detuned from the 
motional trap frequency by 5m ~ 10 kHz, while the de- 
lay tr was swept over an interval (tm, tm + 3/Sm) suf- 
ficient to produce three Ramsey fringes. Typical fringes 
are shown in fig. EJb) . The motional coherence time was 
determined by increasing the delay offset tm and measur- 
ing the decrease in fringe amplitude, fig.lUc). We find a 
decay constant T' 2 — 182(36) ms. Similar measurements 
were made at an axial trap frequency of 490 kHz, and 
gave a motional coherence time of T' 2 — 56(18) ms. 

The motional coherence time in the 810 kHz trap is 
longer than that reported for other ion traps, even be- 
fore scaling for the relatively low trap frequency, but is 
comparable to the time scale at which motional heating 
takes place in this trap. In independent experiments, we 
have measured heating rates as low as dn/dt = 3(1) s _1 
at a trap frequency of 810 kHz [2(|; this is also the low- 
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